Mandibular premolars are increasingly used in taxon-specific diagnostic analyses of hominins. Among the principal difficulties in these evaluations is the absence of discrete, discernible, and comparable anatomical structures for rigorous quantitative assessment. Previous research has addressed either internal crown surface features (such as cusps and fossae) or the morphology of the crown outline. In the present paper, we integrate both types of information in the examination of morphological variation of lower P4s (n ¼ 96) among various fossil hominin species with an emphasis on genus Homo. We use a set of 34 2D landmarks combining coordinate data from four classical dental landmarks on the occlusal surface and 30 sliding semilandmarks of the crown outline. Our results indicate that external shape variation is closely related to the configuration of the occlusal morphological features and influenced by dental size. The external and internal shapes of P4 are polymorphic but still useful in depicting a primitive-derived gradient. The primitive pattern seems to have been an asymmetrical contour with a mesially displaced metaconid, development of a bulging talonid, and a broad occlusal polygon. The trend toward dental reduction during the Pleistocene produced different morphological variants with a reduced occlusal polygon and decreased lingual occlusal surface in later Homo species. Homo heidelbergensis/neanderthalensis have fixed plesiomorphic traits in high percentages, whereas in modern humans a symmetrical outline with a centered metaconid and talonid reduction evolved.
Introduction
The morphology of mandibular premolars may be taxonomically diagnostic among hominin taxa (Ludwig, 1957; Patte, 1962; Biggerstaff, 1969; Wood and Uytterschaut, 1987; Uytterschaut and Wood, 1989; Bailey, 2002a,b; Bailey and Lynch, 2005) . However, capturing premolar occlusal morphology in a way that allows rigorous quantitative comparison remains a challenge. Research on premolar crown morphology has largely relied on descriptive and qualitative assessments of the shape of the crown and the cuspal morphology (e.g., Fraipont and Lohest, 1887; Genet-Varcin, 1962; Lumley et al., 1972; Turner et al., 1991; Irish, 1993; Scott and Turner, 1997) . Recently, Elliptic Fourier Analysis (EFA) (Lestrel, 1974 (Lestrel, , 1997 Khul and Giardina, 1982; Seiffert and Kappelman, 2001 ) has been used to quantify the crown outline (Bailey and Lynch, 2005) . While this method is useful in obtaining mean shapes for inter-hominin comparisons (Bailey and Lynch, 2005) , it does not provide geometrically comparable structures for a direct comparison. In addition, EFA provides no informa-tion about size.
These analytical problems can be overcome to some degree by using recent improvements in geometric morphometric techniques including sliding semilandmarks (Bookstein, 1997) . Semilandmarks are evenly spaced points along an out-line that can be analyzed together with information about cusp morphology by common Procrustes superimposition tech-niques (Rohlf and Slice, 1990; Bookstein, 1991) . Thus, these methods allow investigation on both shape and size (see details in Materials and methods).
The morphology of the lower second premolar (P4) has been described as particularly useful for taxonomic designations in hominins (e.g., Wood and Uytterschaut, 1987; Bailey and Lynch, 2005) . For this reason, we use geometric morpho-metric techniques to explore the utility of P4 morphology in characterizing Homo species. We consider dental variation in Middle and Late Pleistocene groups and include small samples of Australopithecus, Pliocene, and Lower Pleistocene Homo for comparison.
Materials and methods
We used standardized occlusal surface pictures of 96 P4s sampled from various hominin taxa (Table 1) . We focus on premolar variation in Middle and Late Pleistocene Homo. In order to assess the phylogenetic significance of these differences, data from small samples of Australopithecus and Pliocene and Lower Pleistocene Homo are also included. In order to investigate trait polarity, we have assumed that Australopithecus represents the primitive condition. For comparative purposes, we have pooled some specimens into more or less homogeneous groups relating their geographical and chronological span: Australopithecus (n ¼ 6), Paranthropus (n ¼ 1), Plio-Pleistocene Homo (n ¼ 6), Late Lower Pleistocene Homo (n ¼ 3), African Middle Pleistocene Homo (n ¼ 5), Homo antecessor (n ¼ 2), European Middle Pleistocene Homo (n ¼ 23), Homo neanderthalensis (n ¼ 13), and Homo sapiens (n ¼ 37) (Table 1) . We analyze Homo anteces-sor separately from the rest of Late Lower Pleistocene speci-mens because their premolars display morphological differences from the other groups.
Images of each occlusal surface were taken with a Nikon D1H camera fitted with an AF Micro-Nikon 105 mm, f/ 2.8D. The camera was attached to a Kaiser Copy Stand Kit RS-1 with grid baseboard, column, and adjustable cam-era arm. A leveling device was used to ensure that the lens was parallel to the baseboard and the cemento-enamel junc-tion (CEJ). For maximum depth of field, we used an aper-ture of f/32. The magnification ratio was adjusted to 1:1, and a scale was included in each photograph and placed par-allel to, and at the same distance from the lens as, the oc-clusal plane.
Because asymmetry in dental morphological traits tends to be minor (Trinkaus, 1978; Scott and Turner, 1997) , only the right antimere was used in the analyses. In order to maximize sample sizes, when the right tooth was absent or damaged, the left tooth was mirror-imaged with Adobe Photoshop . Teeth with severe attritional wear and those where one or more landmarks could not be clearly identified were not used.
Geometric morphometric methods
At the core of geometric morphometrics is Kendall's (1977) definition of shape as ''all geometric information that remains when location, orientation and scale have been filtered out of an object.'' Shape can be described by configurations of landmarks, which are points of correspondence between different objects that match between and within populations (Bookstein, 1991; O'Higgins, 2000; Zelditch et al., 2004) . Landmarks have both coordinates and a biological significance (Bookstein, 1991) (Fig. 1A) .
Procrustes techniques use least square methods to superimpose a given structure (target) at its corresponding landmarks (by translation, rotation, and scaling) onto a reference structure (Bookstein, 1991) (Fig. 1B) . In the Generalized Procrustes Analysis (GPA) (Rohlf and Slice, 1990) , all specimens (many target configurations) are aligned to their mean shape (reference configuration). The results of the generalized Procrustes superimposition are scatters of corresponding landmarks (Procrustes shape coordinates) around their means (Fig. 1B,C) . The shape of a GPA superimposed landmark configuration is defined by the entirety of its residual coordinates.
During the scaling procedure of GPA, a scaling factor called ''centroid size'' is obtained. It is defined as the square root of the summed squared distances between the centroid (the mean of all landmark coordinates of a specimen) and each of the landmarks. It is a powerful size measurement because it Table 1 List of the specimens included in this analysis
Homo neanderthalensis (n ¼ 13)
Homo sapiens (n ¼ 37) AL-266, AL-333w, AL-400, Sts14, Sts52, Stw 498 (casts) TM1517 (cast)
does not induce a correlation between size and shape (Zelditch et al., 2004) . Only in the case of allometry can correlations between size and shape (Bookstein, 1991) be observed.
Thin plate splines can be used to produce another category of shape variables, partial warps and uniform component scores (Bookstein, 1989 (Bookstein, , 1991 . Thin plate splines (TPS) quantify the shape differences between two objects by a Procrustes fit of both, and by a deformation of the first specimen into the second one. This deformation consists of a uniform component (such as shearing) that describes uniform, general differences in shape, and a non-uniform component that describes localized differences in shape (Bookstein, 1991) . The nonuniform component requires bending energy. The properties of this bending energy can be used to derive a set of powerful shape descriptors, the partial warps plus the uniform component (Bookstein, 1991 (Bookstein, , 1996 Rohlf, 1996) .
The principal components of Procrustes shape data have been termed relative warps (Bookstein, 1991) . These relative warps reflect principal patterns of shape variation and have recently found multiple applications in paleoanthropology (Bookstein et al., 1999; Rosas and Bastir, 2002; Bookstein et al., 2003; Bastir et al., 2004 Bastir et al., , 2005 .
In the present context, geometric morphometrics overcome some methodological difficulties related to absolute toothorientation within the jaw and further helps us to understand outline shape variation with respect to biologically meaningful structures, such as the spatial configuration of cusps and fossae as well as their relationship to overall size.
Landmarks
Landmarks are defined by geometric characteristics of the hard and soft tissues they aim to describe (Bookstein, 1991) . These geometric features may be seen as ''internal criteria'' such as suture crossings, bone intersections, bone processes, or other biologically meaningful features (Bookstein, 1991) . Within and between populations, a landmark in one specimen corresponds geometrically and biologically to the same landmark in other specimens (Zelditch et al., 2004) . Because landmarks are defined by the biological properties of their location itself, they carry relevant morphological information in all directions of their coordinate system. In 2D, they have two well defined coordinates.
Here, landmarks were chosen because of their significance in assessing premolar variability (Biggerstaff, 1969) and their ease of identification in occlusal images. The occlusal morphology of a P4 consists of two main cusps and a talonid area. The median longitudinal fissure marks the boundary between the protoconid (buccal cusp) and the metaconid (lingual cusp). The distobuccal fovea/transverse fissure and its intersection with the buccal and lingual borders of the crown delimit the talonid area. Relative to these features, we define the following landmarks ( determined by inspection. In the case of worn teeth, this point will be marked in the center of the dentinal facet. -Landmark 4: The tip of the lingual cusp (or metaconid) determined by inspection. In the case of worn teeth, this point is taken in the center of the dentinal facet.
For landmarks 1 and 2, if the anterior and posterior fovea are extremely reduced in the shape of a short transverse fissure (Genet-Varcin, 1962) or are absent, the points were marked at the extremes of the median longitudinal fissure as illustrated in Figure 1A . If the location of the landmarks was not clear, either in fossil or modern human teeth, the specimen was not included for analysis.
Landmarks 3 and 4 were located in one of two ways. When using a cast, the tips of the main cusps were marked on the cast with soft pencil prior to photographing. When using an original or when permission to mark was denied, the tips of the main cusps were visually located in the images by simultaneously examining the fossil. Seventy percent of our sample is based on examination of original fossils (Table 1) , undoubtedly helpful for a precise identification of the landmarks in the picture. When the tooth showed little wear, the cusp tip was marked in the center of the wear facet.
When mesial and/or distal borders of the teeth were affected by light interproximal wear, original borders were estimated by reference to the overall crown shape and the buccolingual extent of the wear facets, following Bailey and Lynch (2005) (Fig. 2) .
Sliding semilandmarks
For the assessment of occlusal outlines, no landmarks are available. However, semilandmarks can be used for this purpose. Semilandmarks have one welldefined coordinate (putting them on the curve), while the other is arbitrary. There-fore, semilandmarks have been characterized as mathemati-cally ''deficient'' to some degree (Bookstein, 1991 (Bookstein, , 1997 Gunz et al., 2005) . Only their information regarding the shape of the outline is biologically and statistically useful. Their rel-ative spacing along this outline is not relevant because this does not modify the shape of the curve. Therefore, they have reduced degrees of freedom (Zelditch et al., 2004) .
''Sliding techniques'' can be used to minimize the effects of the arbitrary placement along the curve (Bookstein, 1996 (Bookstein, , 1997 Bookstein et al., 2002; Gunz et al., 2005) . In applying these methods, a ''semilandmark'' is converted into a ''sliding semilandmark.'' Sliding semilandmarks are intended to describe the shape of an outline. However, the actual shape of the curve is not known because it consists of many more land-marks than are usually digitized. Thus, this shape is approxi-mated by the use of tangents to the semilandmarks. The tangent is approximated by a parallel to a line connecting the neighbor points of the semilandmark under consideration.
Sliding semilandmarks are then recalculated to move (''slide'') along the curve. Actually, and for reasons of optimizing the shape information, the semilandmark slides along its tangent to the outline until its final position minimizes one of several possible criteria, such as the bending energy (Bookstein, 1997; Bookstein et al., 2002 Bookstein et al., , 2003 Mitteroecker et al., 2004; Bastir et al., in press) , the distances between semi-landmarks between reference and target , or the Procrustes distance between reference and target (Rohlf, 1998a) . Each of these criteria have different advantages and disadvantages Zelditch et al., 2004; Bastir et al., in press ). Here we use sliding semilandmarks until Pro-crustes distance is minimized between the reference and the target (Rohlf, 1998a) . This procedure includes the uniform and nonuniform part of shape variation, although to our knowledge no study has yet worked with this approach. However, it has been pointed out that this criterion should be of particular interest in phylogenetic and systematic questions (Gunz et al., 2005; Gunz, pers. comm.; Rohlf, pers. comm.) .
It is important to note that although sliding semilandmarks do not provide homologous points, if adequately computed, they can provide comparable points of homologue structures for the sample under study. Because the use of sliding semi-landmarks is relatively new, few studies have been published to date dealing differently with this issue (Bookstein, 1997; Rohlf, 1998a; Bookstein et al., 1999 Bookstein et al., , 2002 Mitteroecker et al., 2004; Sheets et al., 2004; Bastir et al., in press ). In its favor, the sliding technique provides non-arbitrary criteria (Zelditch et al., 2004; Gunz et al., 2005) and allows curves or outlines to be analyzed within the Procrustes scheme of shape analysis (Rohlf and Slice, 1990; Slice, 2001; Rohlf, 2003) . However, it is important to keep in mind that no stan-dardized protocol has yet been developed for the use of sliding semilandmarks, and further research needs to be done to ad-dress this.
Repeatability and statistical analysis
Possible measurement error tied to the digitizing process was assessed by repeating the complete data recording procedure of a random subsample of five specimens. TPS-Util software (Rohlf, 1998b) was used to randomize the order of the data by the computer, and the first five specimens of the random data set were selected. This random test-sample consisted of two modern humans (M-33, MH-84) and three fossils (Krapina 50, Krapina E, AT-277). These data were analyzed by several methods. First, a principal component analysis (PCA) of the data was performed for visual inspection of the scatters. The results of this PCA are shown in Figure 3 . Second, Matrix cor-relations [Mantel tests, (Mantel, 1967) ] of Procrustes distance matrices were used to calculate all possible correlations between the different days of measurement. These correlations varied between 0.994 and 0.998 (mean r ¼ 0.996). Finally, we used Disparity Box software (Zelditch et al., 2003) to compare variation (measured as Procrustes distances) within each tooth (due to repeated measurement), with total variation in the random sample. This analysis showed that the repeated measures of variation of a single tooth were 1.8% of the total variation appearing in the random sample.
Since no normal distribution of shape data can be assumed using sliding semilandmarks, data ordination such as principal component analysis and permutation tests have been suggested instead of parametric statistics (Gunz et al., 2005) . Therefore, we used principal component analysis [relative warps analysis; (Bookstein, 1991; Rohlf, 1993) ] of the partial warp and uniform components scores (a ¼ 0) (Rohlf, 1996 (Rohlf, , 1998a Rohlf et al., 1996; Bastir et al., 2005) to assess general patterns of variation. In addition, we used multivariate regression analysis (Rohlf, 1996 (Rohlf, , 1998b of shape on size accompanied by permutations (n ¼ 10000) to test for allometry. All the results are visualized by thin plate splines.
To help understand these results obtained with the novel application of the Procrustes techniques, we have also measured the occlusal polygon area by classical morphometric methods. With the AnalySIS Ò software, we measured from the occlusal photograph the total area of the crown (AC) and the occlusal polygon area (OPA), defined by the union of the four landmarks. We obtained the relative occlusal polygon area by dividing AC/ OPA. Inter-group comparisons with a one-way ANOVA posthoc test (LSD or least significant distance) were performed.
Results

Principal component analysis
The results of the principal component analyses are shown in Figure 4 and Table 2. The first two factors account for 48% of the total variation (PC I: 29.7% and PC II: 18.3%). Morphological variation along PC I is clearly illustrated by the TPSgrids of the relative warps in the extremes of the x-axis (Fig. 4) . Specimens with positive PC I values tend to display a circular shape, whereas premolars plotted in the left half of the graph show a more elongated outline with a distolingual bulge. Among the intracrown landmarks, protoconid and metaconid (landmarks 3 and 4) are the most variable points. The line connecting protoconid and metaconid shortens and moves from a buccal-mesiolingual diagonal direction to a more verticalized alignment. Specimens with positive loadings for PC I have a metaconid that is either distal or central relative to the protoconid, whereas premolars in the left side of the graph have a more mesial metaconid. Along the PC I axis, the protoconid moves progressively towards the lingual border, and the occlusal polygon (defined by the four landmarks) decreases in area and assumes a more exocentric position, closer to the lingual crown border. The relative area of the lingual portion of the tooth (delimited by the median longitudinal fissure and its prolongation to the borders of the crown) decreases relative to the buccal portion in specimens with positive loadings on PC I. On the contrary, teeth holding negative PC I values possess a lingual segment that is equal to, or relatively larger than, the buccal counterpart.
The morphological changes linked with PC II are more subtle than those of PC I. Along the PC II axis, an imaginary line connecting the protoconid and the metaconid is positioned more distally at higher loadings, particularly due to the position of the buccal cusp. The occlusal polygon becomes more centrically located and relatively larger as the PC II loading increases. The external contour tends to be distolingually enlarged the more negative the PC II value.
Although there is a considerable overlap among species, negative loading on PC I is mainly shown by Australopithecus and early Homo specimens, whereas specimens from all groups can be found in the central area. The positive extreme of PC I is primarily occupied by modern humans. These results suggest that the primitive pattern of mandibular second premolar occlusal morphology is an elongated (subrectangular) outline with a relatively larger occlusal polygon and a mesially displaced metaconid. This is the shape displayed by all the australopithecines except AL-266 (which still is very close to the zero value). Clustered with Australopithecus P4s are all the Plio-Pleistocene and the late Lower Pleistocene Homo specimens, the Paranthropus specimen, and four of the five African Middle Pleistocene specimens. This pattern contrasts with a centered metaconid and a more circular outline. This is the pattern displayed by 70% of the Homo sapiens sample and nearly exclusive to this taxon. The teeth belonging to H. heidelbergensis (European Middle Pleistocene hominins) and H. neanderthalensis are variable in their distribution (43.4% and 69% of these taxa, respectively, display negative PC I values).
Analyzing the distribution of the specimens along PC II, representatives from nearly all species are found in the lower half of the graph, whereas late Lower Pleistocene representatives fall only in the upper left quadrant of the graph (Fig. 4) . Despite belonging to the same time range, Homo antecessor is isolated in the lower right quadrant. Negative PC II values isolate Australopithecus in the lower half of the graph and, with one exception (AL-266), they are all clustered in the left lower quadrant. Only Homo sapiens and some Homo heidelbergensis specimens have positive PC I and PC II loadings. When the specimens are arranged chronologically, it seems that distal displacement of the protoconid (recorded in the PC II) appears phylogenetically earlier than the metaconid displacement (recorded in the PC I). The trend in the OPA reduction, ascertained by the geometric morphometric analysis along the PC I axis, can be read in Table 3 . Australopithecus, the Plio-Pleistocene hominins, and the single Paranthropus specimen show the highest values for the relative occlusal polygon area, whereas late Homo species exhibit the lowest values. The small n of some of the groups precludes statistical comparison among all groups, but Australopithecus is significantly different from Homo heidelbergensis, Homo neanderthalensis, and Homo sapiens (p < 0.05). The Plio-Pleistocene specimens are also significantly different from Homo heidelbergensis and Homo sapiens.
Regression analysis
Permutation tests (n ¼ 10000) of multivariate regression analysis of partial warps and uniform components scores on centroid size indicate a slight but significant (P ¼ 0.000) allometry that accounts for 7.5% of overall variation. The way this size component would contribute to the shape variation is illustrated in Figure 5 : smaller premolars tend to be circular in outline with the intra-crown structures centrally located. Larger premolars tend to display subrectangular outlines with an enlarged lingual surface and mesially displaced intracrown structures.
Discussion
Our analysis reveals that although mandibular P4 crown shape is polymorphic, a primitive-derived gradient is apparent in the hominin fossil record. It is possible to distinguish typical patterns of P4 shape for particular groups such as Homo sapiens or Australopithecus. The TPS-grids data (Fig. 4) suggest that there is a relationship between the external occlusal outline and the internal arrangement of the cusps. A mesially displaced metaconid is associated with an asymmetrical outline, whereas a symmetrical contour is often associated with a central lingual cusp. Thus, asymmetry is related to the existence of a bulging distolingual talonid which, in turn, is responsible for the mesial location of the metaconid. We interpret this morphology as the generalized primitive pattern. Dental reduction throughout the Pleistocene proceeded from this pattern.
P4s external contour: asymmetry assessment
Symmetrical teeth are described as those in which the buccal and lingual halves mirror one another. Bailey and Lynch (2005) , using Homo erectus as an outgroup, concluded that symmetry rather than asymmetry is the primitive state. Thus, asymmetry would be an unevenness of the lingual contour derived from a truncated mesiolingual lobe and would likely represent a derived condition in Neandertals (Bailey, 2002a; Bailey and Lynch, 2005) . Our study confirms that asymmetry is the norm for Homo neanderthalensis (70% of our sample), but we do not consider this asymmetry derived. The apparent discordance in assessing the polarity of P4 asymmetry between these studies may derive from the sample employed to assess the primitive state. Bailey and Lynch (2005) included Zhoukoudian premolars as part of their Homo erectus outgroup. On average, these might look more oval (Kaifu et al., 2005) than the H. erectus from Sangiran included in this study (Fig. 6) . The composition of Homo erectus is a controversial issue (e.g., Aguirre and de Lumley, 1977) . In addition, some researchers have recently argued that the Zhoukoudian H. erectus crania are more derived than those from Indonesia or Africa (Antón, 2002; Kidder and Durband, 2004) ; potentially, this could apply to their teeth as well. Whatever the influence of our different H. erectus samples on P4 morphology, we also used Australopithecus and early Homo to help determine the polarity of P4 crown asymmetry. All of our earlier groups suggest that P4 asymmetry is the primitive condition. Another reason for the discordance between these studies may relate to the axis used to measure the asymmetry. In all teeth, and especially when dealing with isolated teeth, the orientation of the tooth when identifying the mesiodistal and buccolingual axes may vary. Thus, a certain degree of variability in the location of the plane through which we would assess the asymmetry of the contour may exist. This problem is overcome in the case of the geometric morphometric landmarks because they are biologically well-defined structures in the tooth, regardless of the orientation of the tooth. Procrustes superimposition orients all the premolars in a homologous way. In addition, sliding semilandmarks spot geometrically comparable points along the outline of the crown, so the specific area responsible for shape differences among groups can be objectively localized.
We believe that the ''unevenness'' of the lingual half of the crown in Neandertals is mainly due to an expansion of the distolingual portion rather than to a moiety of the mesiolingual part (Bailey and Lynch, 2005) . The distal extension of the talonid leaves the intracrown structures in a mesial position within the tooth outline. The mesial displacement of both cusps has previously been described as a primitive arrangement typical of australopithecines, ''arcanthropines,'' and some Neandertals (Genet-Varcin, 1962 , 1966 . In modern humans, the protoconid and metaconid occupy a more central location due to the reduced size of the distal talonid more than to the migration of the cusps (Genet-Varcin, 1962 ).
P4 internal morphology: cusp configuration and the occlusal polygon
The hominin fossil record provides clear evidence of size and shape changes of P4 within the genus Homo. The deciduous and permanent dentitions of modern humans are reduced compared to early Homo species (Wolpoff, 1971; Wood and Abbott, 1983; Bermúdez de Castro, 1993; Bermúdez de Castro and Nicolás, 1995) . It has been suggested that different evolutionary lineages of Homo (e.g., modern human and Neandertal lineages) shared a similar pattern of reduction, not only in the global decrease in tooth size, but also in the sequential disappearance of cusps (Bermúdez de Castro, 1993; Bermúdez de Castro and Nicolás, 1995) . In contrast, the anterior teeth have retained their relatively large size, even increasing in Large ( CS=3.42) Small ( CS=1.72) some dimensions, as in Neandertals (Bermúdez de Castro, 1993) . The imbalance between the sizes of I1eP3 and P4e M3 in the H. heidelbergensis sample (Bermúdez de Castro, 1993; Bermúdez de Castro et al., 1999) suggests that different evolutionary trends have affected anterior and posterior dentitions. Thus, different biological processes may also be responsible for these trends.
In the later stages of hominin evolution, P4 size reduction begins with the reduction of the talonid. The distobuccal accessory cusps are the first to disappear in the fossil record, followed by the distolingual cusps (Genet-Varcin, 1962) ; distribution of specimens along PC II supports this idea (Fig. 4) . The reduction of the buccal portion of the talonid, which is typically broad in Australopithecus, is probably responsible for the protoconid's ''migration'' to a more central position in the late Lower Pleistocene and some Middle Pleistocene Homo specimens (Fig. 4) . The distolingual cusps together with the buccal talonid may contribute to an apparently more ''squared'' outline in some early Homo specimens (like KNM-ER 992 or KNM-WT 15000) when compared to others such as Sangiran 6 from Java. Nonetheless, the large talonids and the wide occlusal polygon cluster these specimens of early Homo in the upper left quadrant of the graph (see Fig. 4 ).
The development of the talonid together with its extra cusps has functional consequences for mastication. Selection appears to have favoured larger occlusal areas in Pliocene hominins (Townsend et al., 1990; Suwa et al., 1996; McCollum and Sharpe, 2001) . Interestingly, the modifications in the internal occlusal arrangement through the Pleistocene are generally related to a decrease in the occlusal polygon area (Table 3) . As we can observe in the TPS-grids along the PCA graph (Fig. 4) , the occlusal polygon is relatively large in Australopithecus and some early Homo specimens relative to H. sapiens. The lingual half of the crown of P4s tends to be subequal in size with, or even larger than, the buccal portion. Thus, the functional participation of the occlusal surface would be maximized in Pliocene and African Lower and Middle Pleistocene specimens.
In contrast, European Lower and Middle Pleistocene specimens (H. antecessor, H. heidelbergensis, and H. neanderthalensis) show a reduced occlusal polygon, perhaps related to the diminution of the lingual portion (see the TPS-grids of Fig. 4) . In Homo sapiens, the reduced occlusal polygon occupies a more lingual location. Given the phylogenetic order of appearance of each cusp in the hominoid dentition (Gregory, 1916) , later developing elements (such as the metaconid and other lingual cusps) are more prone to be affected by timing and spacing changes in the ontogenetic sequence (Mizoguchi, 1983; Macho and Moggi-Cecchi, 1992) . The TPS-grids in the extremes of the PC I (Fig. 4) suggest that there is a relative diminution of the lingual portion of the P4 crown in later Homo specimens. It is not only H. neanderthalensis that is affected by this reduction process (cf. Bailey and Lynch, 2005 ), but also H. antecessor, and some specimens assigned to H. sapiens, H. neanderthalensis, and H. heidelbergensis. If the ''mesial truncation'' of the lingual crown is a consequence of a narrower lingual portion (Bailey and Lynch, 2005) , the same pattern would be expected in H. sapiens. However, modern humans typically display a symmetrical P4 contour (Fig. 6) .
We suggest that the reduced occlusal polygon of H. heidelbergensis/neanderthalensis is ''compensated'' for by the addition of extra lingual cusps and an enlarged talonid. Such compensation may indicate a biomechanically demanding diet, which might be supported by work on the anterior dentition that suggests Neandertals experienced heavy paramasticatory loads (Brace, 1963; Smith, 1983; Rak, 1986; Trinkaus, 1987; Demes and Creel, 1988) or intense, repetitive occlusal loads (O'Connor et al., 2003) . In the case of the anterior dentition, selection favored a dental morphology better adapted to a biomechanically demanding diet (Molnar, 1971; Y'Edinak, 1978) , and this could also apply to posterior dentition, despite its size reduction. Our findings are consistent with the hypothesis that Neandertals are the result of a process of character accretion which started during the Middle Pleistocene Hublin, 1998) . In this view, some of the morphological traits considered to be typical of Neandertals are not Neandertal apomorphies but instead are distinctive combinations of symplesiomorphic characters (Patte, 1962; Franciscus and Trinkaus, 1995) . For example, we find that H. heidelbergensis/neanderthalensis apparently show a distinctive combination of primitive dental traits (asymmetrical contour, mesially displaced metaconid, and extra lingual cusps) in association with other traits like a well-developed transverse ridge (Bailey, 2002a,b; Bailey and Lynch, 2005) (Fig. 6 ). This conformation of traits, in association with an exocentric position for the occlusal polygon, is first seen in one of the specimens assigned to H. antecessor, perhaps the last common ancestor of H. sapiens and H. neanderthalensis (Bermúdez de Castro et al., 1997) . None of these traits are derived, since we see them in earlier specimens (see asymmetry and transverse ridge in Sangiran 6) (Fig. 6 ), but the particular combination seems only to be seen in high frequencies in Neandertal species and very rare in modern human samples (Bailey and Lynch, 2005) . Thus, the P4 crown morphology of H. antecessor is consistent with it being the primitive condition from which the later Homo species pattern derived.
Allometry
Despite previous assumptions that P4 crown morphology is not influenced by size (Bailey and Lynch, 2005) , our study finds that allometric variation accounts for 7.5% of the observed variation (Fig. 5) . The allometric factor may be particularly driven by species in the extremes of teeth size variation. Large-toothed genera such as Australopithecus and Paranthropus (Wood and Uytterschaut, 1987 ) have subrectangular or ovoidal P4s (Fig. 6 ) with a disto-lingual bulge and mesially displaced main cusps (Genet-Varcin, 1962; Wood and Uytterschaut, 1987; Townsend et al., 1990; Suwa et al., 1996) . In contrast, modern humans have small P4s (Wood and Abbott, 1983; Bermúdez de Castro, 1993; Bermúdez de Castro and Nicolás, 1995) with more circular outlines and more centrically located main cusps (Genet-Varcin, 1962) .
Conclusions
The outline and the internal arrangement of hominid P4 crowns are polymorphic traits. Although P4 morphology provides little ability to correctly assign an isolated specimen to its corresponding species, it is possible to characterize the typical P4 pattern of a hominin group. The use of geometric morphometric methods overcomes the problem of general orientation when dealing with isolated teeth. The external contour of the P4 is related to cuspal morphology and slightly influenced by the overall size of the crown. The primitive pattern appears to be an asymmetrical outline with a mesially displaced metaconid, an extended talonid, and a broad occlusal polygon. The general trend of dental reduction throughout the Pleistocene has produced different morphological variants with a narrower occlusal polygon. Homo heidelbergensis/ neanderthalensis show a distinctive combination of plesiomorphic traits (asymmetry, mesial metaconid, and extended talonid), whereas modern humans evolved a more circular outline with a centrally located metaconid and reduced talonid.
Given the enormous potential of the methodology employed in this study, future research should explore larger dental samples and other dental classes, searching for taxonomic, phylogenetic, and developmental implications. It would also be very interesting to work in quantification methods for the correlation between internal arrangement and external shape.
